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One of the cellular defense mechanisms against virus infection is mediated by activating the interferon-induced, double-
stranded-RNA-activated protein kinase, PKR. Upon activation, PKR phosphorylates and thereby inactivates the protein synthe-
sis initiation factor, eIF-2, leading to cessation of protein synthesis. Viruses have evolved diverse strategies to counteract
this cellular antiviral response. A majority of these strategies target PKR to prevent its activation. Recently, we showed that
simian virus 40 (SV40) large-T antigen reverses PKR-mediated translational inhibition at a step downstream of PKR activation
(Rajan et al., J. Virol. 69, 785–795, 1995). In this paper, we present evidence showing that SV40 can restore efficient
translation in cells despite the elevated levels of phosphorylated eIF-2a resulting from PKR activation. Thus, SV40 large-T-
mediated translational rescue occurs at a step downstream of eIF-2a phosphorylation. q 1996 Academic Press, Inc.
Cellular defense mechanisms aimed at preventing a halt (21). Viruses have evolved different strategies to
successful viral infection most often target translational counteract host defense mechanisms (11, 13, 23). The
initiation. The interferon-induced, double-stranded-RNA- best studied is that used by adenovirus (Ad), which em-
activated protein kinase, PKR, is the host enzyme which ploys a small virus-encoded RNA designated virus-asso-
mediates this antiviral defense. Normally, this enzyme is ciated RNA I (VAI RNA). Cells infected with Ad mutants
present in a latent form. Upon virus infection, PKR is lacking the VAI RNA gene are severely defective for
induced by interferon and undergoes activation via auto- translation (14, 23, 25). VAI RNA binds to and blocks the
phosphorylation. The activated PKR phosphorylates the activation of PKR and thus prevents the phosphorylation
a subunit of the initiation factor eIF-2 (eIF-2a), leading of eIF-2a. Protein synthesis continues unabated in the
to the cessation of protein synthesis (reviewed in 9, 10, presence of VAI RNA (14, 23, 25).
13, 22, 23). In an uninfected cell, eIF-2 forms a ternary We previously showed that simian virus 40 (SV40) can
complex with GTP and the initiator tRNA during polypep- rescue the translational defect in cells infected with a
tide chain initiation. Subsequent steps result in the for- mutant lacking VA RNA genes (sub720; ref. 24). Our re-
mation of the 80S complex with concomitant hydrolysis cent studies demonstrated that the SV40 large-T antigen
of GTP to GDP. Before eIF-2 participates in a new round is responsible for the complementation of the VAI RNA
of initiation, the GDP bound to it is replaced by GTP in function in cells infected with the VA-negative mutant
an exchange reaction mediated by a second initiation (19). Interestingly, large-T did not prevent the activation
factor, eIF-2B, which is present in limiting amounts in the of PKR, suggesting that it may rescue the translation
cell. In the virus-infected cell, PKR-mediated phosphory- defect at a step downstream of PKR activation (19). Be-
lation of the a subunit of eIF-2 entraps eIF-2B in an cause PKR remains activated in cells coinfected with
inactive complex, preventing GTP exchange and eIF-2 SV40 and sub720, it has the capacity to phosphorylate
recycling. This eventually brings protein synthesis to a eIF-2a. Therefore, we examined the phosphorylation sta-
tus of eIF-2a in monkey kidney cells coinfected with SV40
and sub720. Since protein synthesis proceeds normally1 Present address: Bldg. 36, 3C09 NINDS, National Institutes of
Health, Bethesda, MD 20892. in these cells, it seemed likely that large-T might perhaps
2 To whom correspondence and reprint requests should be ad- ensure that translational initiation occurred efficiently in
dressed at Robert H. Lurie Cancer Center and Microbiology–Immunol- sub720/SV40-coinfected cells by directly or indirectly
ogy Department, Northwestern University Medical School, 303 E. Chi-
helping to maintain eIF-2a in its unphosphorylated state.cago Avenue, Chicago, IL 60611. Fax: (312) 908-1372. E-mail: bayar@
casbah.acns.nwu.edu. Subconfluent CV-1p cells were either mock infected
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FIG. 1. (A) Analysis of the phosphorylation status of eIF-2a in CV-1p cells. Unphosphorylated and phosphorylated forms of purified eIF-2a were
loaded in lanes 1 and 2, respectively, as references. Lanes 3 to 7 and lanes 8 to 12 represent the data from two independent experiments. CV-1p
cells were either mock infected (lanes 3 and 8) or infected with the viruses indicated on the top (lanes 4 to 7 and 9 to 12) at 10 PFU of each virus
per cell. Cells were lysed 22 hr after infection, subjected to a prior immunoprecipitation step using an anti-eIF-2a-mab followed by separation of
the phosphorylated and unphosphorylated forms of the protein by isoelectric focusing on vertical slab gels, and visualized by immunoblot analysis.
The arrowheads indicate the positions of unphosphorylated (a) and phosphorylated [a(P)] forms of eIF-2a. (B) Analysis of the viral polypeptides
synthesized in infected CV-1p cells. Equal volumes of radiolabeled cell lysates were analyzed by SDS–20% PAGE (19). The arrowheads indicate
the positions of II and 100K, which represent the two major late Ad proteins, hexon and 100-kDa protein, respectively.
or infected with Ad variants dl704 (phenotypically WT), sub720/SV40 lanes are indistinguishable. Previous re-
ports showed that as much as 90% of eIF-2a could besub720, SV40, or a mixture of SV40 and sub720 at 10
PFU/cell each. Infections were set up in duplicate. Cells phosphorylated in human cells infected with VA-negative
mutants (16). Currently we do not know why we see onlyfrom one set were harvested 22 hr after infection and
lysed (cold lysates), whereas the cells from the second 30% eIF-2a phosphorylation. This could be due to many
reasons such as differences in extraction procedures,set were metabolically labeled with [35S]methionine dur-
ing the last hour of the infection and then lysed (hot growth conditions of the cells, or both.
To be certain that the viruses used in this study con-lysates). The cold lysates were immunoprecipitated by
using an anti-eIF-2a monoclonal antibody (anti-eIF-2a formed to their predicted phenotypes, the hot lysates
prepared in parallel were analyzed by SDS–PAGE asmab). The immunoprecipitated proteins were separated
on a vertical isoelectric focusing gel, followed by immu- shown in Fig. 1B. The efficient synthesis of viral polypep-
tides in dl704-infected cells (Fig. 1B, lane 2) is consistentnoblotting with anti-eIF-2a mab which recognizes both
phosphorylated and unphosphorylated forms of eIF-2a with the existence of eIF-2a predominantly in the unphos-
phorylated state in these cells (Fig. 1A, lanes 4 and 9).with equal efficiency (15). Results of two independent
experiments are shown in Fig. 1A. Densitometric scan- The VA-negative mutant sub720 displayed a drastic re-
duction in viral polypeptide synthesis (Fig. 1B, lane 3),ning revealed that in a dl704 infection (lanes 4 and 9)
almost all of the eIF-2a is in the unphosphorylated state consistent with the existence of a significant fraction of
the cellular eIF-2a in the phosphorylated state (Fig. 1A,(with the levels being quite comparable to those seen in
the uninfected cells in lanes 3 and 8), a consequence lanes 5 and 10). This severe translational inhibition was
relieved by coinfecting the CV-1p cells with SV40 (Fig.arising out of the effective inhibition of activation of PKR
by the VAI RNA encoded by dl704. As expected, cells 1B, lane 5). Thus, it seems that SV40 large-T can facilitate
translation in CV-1p cells despite the elevated levels ofinfected with sub720, which fail to block the activation
of PKR (19), contained elevated levels of eIF-2a in the phosphorylated eIF-2a. Therefore, we conclude that the
SV40 large-T-mediated translational rescue occurs at aphosphorylated state, representing 30% of total eIF-2a
(Fig. 1A, lanes 5 and 10). Previous studies have shown step downstream of eIF-2 phosphorylation.
Our results suggest that SV40 has evolved a novelthat this level of phosphorylation of eIF-2a is sufficient
to shut down protein synthesis effectively (9, 14, 21). strategy to combat the host antiviral response with no
apparent similarity to other viral defense mechanisms.Contrary to expectation, we found that the sub720/SV40-
coinfected cells also contained about 30% of eIF-2a in In the absence of any precedence, we can only offer
several explanations. It is conceivable that large-T maythe phosphorylated state. A comparison of lanes 5 and
10 with lanes 7 and 12 in Fig. 1A reveals that the relative enhance translational initiation by targeting eIF-2B. Re-
cent work has shown that initiation of translation may beproportions of phosphorylated eIF-2a in the sub720 and
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modulated at the level of eIF-2B via the MAP kinase way to counteract the translational inhibitory effects of
PKR. An observation that is difficult to explain at presentpathway (reviewed in 18). Large-T could be envisaged
to modulate translational initiation at the level of eIF-2B is the absence of elevated levels of PKR in SV40-infected
cells, even though the virus has developed a strategy toin one of several ways. For example, it may influence the
counteract the deleterious effects of PKR. Perhaps, thephosphorylation state of eIF-2B, giving rise to a larger
virus encounters the adverse effect of PKR in naturalactive pool of eIF-2B. Or it may act to prevent the stable
infections and thus has evolved a mechanism to counter-complexation of phosphorylated eIF-2a and eIF-2B. In-
act it.deed, such a mechanism has been envisaged to explain
the ability of SUI2, GCD2, and GCD7 suppressor muta-
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